Cortisol is a key regulator of the immune system, energy metabolism, and stress, yet its relevance to fatigue experienced by people with relapsing-remitting multiple sclerosis (RRMS) remains uncertain. We examined cortisol secretory activity in RRMS and its association with fatigue severity between-individuals and within-individuals (day-to-day) using a case-control ecological momentary assessment design. While undergoing usual daily routines, 38 people with RRMS and 38 healthy control participants provided saliva samples at strategic time-points over 4 consecutive weekdays to measure the cortisol awakening response (CAR; 0, 30, and 45 min after awakening) and the diurnal cortisol slope (DCS; 6 quasi-random samples provided between 1000 h and 2000 h). Recalled fatigue was measured at baseline, and daily fatigue was measured as the mean average of momentary fatigue ratings provided alongside each DCS sample. Multilevel modeling found CAR output was greater in RRMS than controls, and recalled fatigue in RRMS was associated with both lower waking cortisol level and larger awakening response. Day-to-day, the CAR was not associated with same-day fatigue levels in RRMS. Cortisol appears to have a role in fatigue experienced in RRMS, but whether it is a causal factor remains unclear.
Introduction
Multiple sclerosis (MS) is a disease characterized by autoimmune-mediated inflammatory demyelination and neurodegeneration (Compston and Coles, 2008) . Fatigue is frequently described as one of the most common and disabling symptoms in MS, affecting 60-85% of people with MS (Lerdal et al., 2003; Minden et al., 2006) . Current understanding of the etiology of MS fatigue is uncertain, with many disease-mediated mechanisms and secondary factors such as depression and sleep dysfunction potentially implicated (Induruwa et al., 2012) .
With no licensed treatment for MS fatigue, robust information about the underlying mechanisms of fatigue experience is required in order to identify potential targets for intervention. There are several mechanisms by which cortisol, the adrenal product of the hypothalamicpituitary-adrenal (HPA) axis, may be relevant to MS fatigue: (1) cortisol is generally considered the primary endogenous regulator of immune inflammation (Chrousos, 1995) ; (2) cortisol is an important regulator of energy metabolism via glycogenesis promotion (Sapolsky et al., 2000) ; and (3) while several reviews highlight a positive association between stressful experience and risk of MS symptom exacerbation (Mohr et al., 2004; Artemiadis et al., 2011) , cortisol is fundamental within the stress response (Dickerson and Kemeny, 2004) . Hypocortisolism is commonly reported in chronic fatigue syndrome (Papadopoulos and Cleare, 2012) but the importance of HPA axis (dys)function to fatigue experienced by individuals with other chronic conditions has received relatively little attention (Powell et al., 2013) . Our understanding of unstimulated cortisol secretory activity in MS and its relevance to MS fatigue is limited, particularly in daily life.
The HPA axis in MS
HPA axis non-suppression by dexamethasone appears most prevalent in disease-active MS, such as in relapse-phase relapsing-remitting MS (RRMS) and progressive MS-types (Ysrraelit et al., 2008) . HPA axis hyper-reactivity to CRH stimulation has been reported in MS (e.g., Fassbender et al., 1998) but studies describe both positive and negative associations between Dex/CRH test (Heuser et al., 1994) outcomes and gadolinium-enhancing lesions on MRI (Fassbender et al., 1998; Schumann et al., 2002) : an important marker of inflammatory disease activity.
Greater 24 h urinary cortisol outputs have been reported in people with MS compared with healthy controls (Ysrraelit et al., 2008) but 24 h urinary cortisol observations provide little information regarding cortisol circadian rhythm dynamics. More recently, 2-day salivary cortisol studies have compared facets of the cortisol circadian rhythm in people with MS and healthy controls (Gold et al., 2010; Kern et al., 2011 Kern et al., , 2013 . Hyper-secretion of cortisol has been reported within the cortisol awakening response (CAR) (Kern et al., 2011 (Kern et al., , 2013 and in the evening (Gold et al., 2010) in people with RRMS.
Depressive symptomatology may underlie HPA axis hyperactivity in MS, with HPA axis hyperactivity a relatively consistent biological marker in major depressive disorder (Pariante and Lightman, 2008) . Several studies have provided empirical support for this hypothesis in MS, but findings remain mixed. Gold et al. (2010) observed that people with RRMS and high levels of depressive symptoms had flatter diurnal cortisol slopes (DCS) and higher evening cortisol levels than people with RRMS and low depressive symptom scores. In a later study, the same research group reported flatter DCS and greater daily cortisol output in individuals with RRMS and a clinical diagnosis of major depressive disorder compared to individuals with RRMS but without comorbidity (Gold et al., 2011) . A further study in RRMS found CARs were larger in a group with more depressive symptoms (Kern et al., 2011) . However, most recently, Kern et al. (2013) found no association between depressive symptoms and the CAR in either RRMS or secondary progressive MS.
HPA axis activity and MS fatigue
Current evidence suggests reduced dynamic cortisol variability is more relevant to fatigue experience than lower cortisol outputs, per se (Powell et al., 2013) . Gold et al. (2011) remains the only study to examine associations between salivary cortisol and MS fatigue, reporting no association between fatigue and either the CAR or DCS in a RRMS sample where nearly a quarter also had major depressive disorder. Given that fatigue is a common symptom in depression (American Psychiatric Association, 2000) , the role of cortisol in the severity of MS-related fatigue remains unclear.
Several qualitative studies have indicated that individuals describe very different levels of symptom intensity from day to day (e.g., Mills and Young, 2008) . However, very little research has sought to understand within-person variability in fatigue severity in any population. There is a growing literature proposing that state variation in the CAR is implicated in same-day experience (Powell and Schlotz, 2012; Law et al., 2013) . Small yet statistically significant within-person associations have been reported between smaller CARs and greater levels of same-day exhaustion in individuals with burnout (Sonnenschein et al., 2007) , while two studies have described within-person associations between low morning cortisol and greater levels of same-day physical symptoms in non-clinical populations (Adam et al., 2006; Gartland et al., 2014) . The role of the CAR in daily fatigue experience in MS warrants investigation.
Aims
This daily life study aimed to explore the relationship between cortisol and fatigue severity in RRMS while addressing several limitations of previous studies, which have used relatively short 2-day saliva-sampling protocols with unmonitored compliance, and often included participants with comorbidities. There were two primary objectives: First, to comprehensively explore two facets of the cortisol circadian rhythm (CAR and DCS) in a RRMS group without multi-morbidity; and second, to examine associations between cortisol secretory activity and fatigue severity in RRMS. The following hypotheses were tested in a case-control design: (1) the CAR is larger and DCS is flatter in people with RRMS compared to healthy individuals, independent of depressive symptoms and chronic stress; (2) fatigue severity is associated with an attenuated CAR and a flatter DCS in both groups; (3) within individuals, attenuations in CAR are associated with greater same-day fatigue severity in both groups.
Materials and methods
Ethical approval was granted by the UK NHS National Research Ethics Service Committee (11/SC/0333) and University of Southampton Psychology Ethics Committee (589). All data were anonymized before analysis, and written informed consent was provided by all participants.
Participants
We recruited 42 people with clinically definite RRMS (Polman et al., 2011) , and 40 age-and sex-matched healthy individuals. The RRMS group was recruited between February 2012 and February 2013 from consecutive attendants at neurologist and specialist-nurse clinics at University Hospital Southampton NHS Foundation Trust and Guy's and St Thomas' NHS Foundation Trust, and from UK MS Society postings in Hampshire and Greater London. Of those individuals approached to be part of the RRMS group, 37.1% (76/205) met all eligibility criteria, and 55.3% (42/76) went on to enroll and participate in the study. Control participants were recruited via newspaper and University intranet postings. All participants were of working age (18-65 years), and fluent in the English language.
The RRMS group had several exclusion criteria: a clinical relapse and/or corticosteroid treatment within 3 months; inability to ambulate 300 m without rest with/without use of a walking aid; a diagnosed physical or psychiatric comorbidity; a Hospital Anxiety and Depression Scale (Zigmond and Snaith, 1983 ) depression subscale score ≥8, indicative of moderate depression; current antidepressant medication use; pregnancy; care-giving; and shift-working. Current use of a disease modifying therapy (DMT) was permitted. The control group had the following exclusion criteria: an acute or chronic disease or illness; current use of prescribed medication; pregnancy; care-giving; and shift-working.
Within the RRMS group, one participant withdrew citing incompatibility of the study protocol alongside their job, one withdrew due to non-MS related illness, and two participants' data were lost due to technical faults. Within the control group, two participants were later excluded due to consistent extreme and outlying salivary cortisol levels indicative of endocrine abnormality. This redundancy left 38 well-matched individuals in each group. Participant characteristics are presented in Table 1 .
Study procedure
The study implemented an ecological momentary assessment (EMA) design, measuring salivary cortisol and real-time assessments of fatigue severity with high ecological validity and limited recall bias (Stone and Shiffman, 1994; Schlotz, 2012) . All participants began by attended one-to-one introductory sessions at the University of Southampton or Institute of Psychiatry, Kings College London. All participants completed baseline questionnaires and were given Daily Life Assessment packs containing 36 pre-labeled synthetic Cortisol Salivettes (Sarstedt, Leicester, UK), a pre-programmed electronic handheld device (Hewlett Packard iPAQ 111 Classic Handheld, Bracknell, UK) for prompting and guiding the EMA schedule, and a reference information booklet. Participants were given training in how to provide samples and operate the handheld device, and left once confident in doing so.
Baseline self-report measures
Fatigue severity was measured in both groups by the Fatigue Scale (FS; Chalder et al., 1993) . The 11-item FS measures fatigue severity over the last month, with subscales examining physical fatigue (7 items) and mental fatigue (4 items). Response is via 4-point Likert scale. The FS was used with both continuous (range: 0-33) and bimodal (range: 0-11) scoring systems, with higher scores indicating greater fatigue severity. FS subscales showed excellent internal consistencies within the present study (physical fatigue, ˛ = .93; mental fatigue, ˛ = .85). The bimodal scoring system distinguishes between severe fatigue and normal fatigue by a ≥ 4 cut-off (Chalder et al., 1993) : a cut-off with sensitivity of 75.5% and specificity of 74.5% based on the fatigue item of the Clinical Interview Schedule (Lewis et al., 1992) . We use this cut-off to identify individuals with clinically significant fatigue in secondary analysis. We chose the FS rather than the Fatigue Severity Scale (FSS; Krupp et al., 1989) or Modified Fatigue Impact Scale (MFIS; Multiple Sclerosis Council for Clinical Practice Guidelines, 1998) as our study focussed on fatigue severity, and neither the FSS nor the MFIS measure the concept of severity directly: both measure the impact of fatigue in daily life, while the FSS also contains items assessing determinants of fatigue. The FS has been used in several MS studies (e.g., Skerrett and Moss-Morris, 2006) .
Neurological disability was measured in the RRMS group by the self-administered Expanded Disability Status Scale (EDSS-sa; Bowen et al., 2001) . Respondents evaluated a series of items regarding functioning and symptoms 'on an average day, at your best'. The EDSS-sa has a bespoke rating system for each item, contributing to an overall score ranging from 0.0 (no neurological impairment) to 10.0 (death from MS). The EDSS-sa is highly correlated (r = .89) with the original physician-delivered EDSS (Kurtzke, 1983) .
All participants completed the 12-item Chronic Stress Screening Scale (CSSS). The CSSS is a brief summary measure of chronic stress over the prior 3 months derived from the Trier Inventory of Chronic Stress (Schulz et al., 2004) . Responses to the CSSS are on a 0-4 rating scale, with higher scores indicating greater experience of chronic stress. The CSSS had excellent internal consistency in the present study (˛ = .91). The CSSS defines an individual as chronically stressed if they are worrying a lot, feeling overextended and overwhelmed, and receiving no recognition for their efforts.
The 14-item Hospital Anxiety and Depression Scale (HADS; Zigmond and Snaith, 1983) was also completed by all participants to measure anxiety and depression symptoms over the last week on a 0-3 rating scale (maximum score of 21 for each subscale), with higher scores indicating more anxiety and depression symptoms. The internal consistencies for the HADS subscales were excellent for anxiety symptoms (˛ = .85) and adequate for depressive symptoms (˛ = .65). The HADS does not incorporate items regarding somatic symptoms of anxiety or depression, such as fatigue. 
Ecological momentary assessment schedule
The EMA schedule was carried out over 4 consecutive weekdays, guided by handheld device auditory prompts, as participants undertook their usual daily routines. The daily EMA schedule was composed of two designs: an eventbased fixed occasion design for assessments soon after awakening, and a time-based variable occasion design with stratified random sampling for assessments later in the day (cf. Schlotz, 2012) . The event-based design incorporated prompts at awakening (S1 assessment), 30 min after awakening (S2), and 45 min after awakening (S3). S1 assessment time was defined as the time of a pre-set waking alarm that could be no later than 0830 h, or the time of manual engagement with the handheld if waking earlier than expected. The time-based design consisted of six prompts (S4-S9) distributed between 1000 h and 2000 h by an algorithm that quasi-randomly allocated each prompt within one of the six consecutive 100 min periods, while ensuring no two prompts could be within 30 min. To minimize missed assessments, participants could postpone any S4-S9 assessment for 5, 10, or 15 min.
Cortisol measurement
Nine saliva samples were collected per day for the analysis of free cortisol content: samples at S1-S3 measured the CAR; samples at S4-S9 measured the DCS. Upon each prompt, the handheld briefly presented a 3-digit code which participants recorded on the salivette used, with incorrectly coded salivettes later discarded as non-compliant (Stetler et al., 2004) . The compliance rate here was 92.0%, with 2518 usable samples from a possible 2736.
During the CAR measurement period (S1-S3), participants were instructed not to eat, drink anything other than water, smoke, brush their teeth, or exercise. Throughout the rest of the day, there were no behavioral instructions prior to saliva sampling but potential confounders (eating, drinking coffee, smoking, physical exertion, sleeping) were monitored by handheld self-reports. We used samples provided at S1-S3 to compute three different facets of the CAR: (1) the area under the curve ground (AUCg); (2) the waking cortisol level (S1); and (3) the area under the curve increase (AUCi); (Pruessner et al., 2003; Fekedulegn et al., 2007) . Here, AUCg measured estimated total cortisol output in the 45 min after awakening, S1 cortisol level assessed the end of the pre-awakening cortisol rise, while AUCi measured the dynamic change in cortisol post-awakening. Pre-awakening is thought to be characterized by reduced adrenal sensitivity to ACTH (Born et al., 1999; Hellhammer et al., 2009; Clow et al., 2010) , but post-awakening is characterized by heightened adrenal sensitivity to ACTH, mediated by lightsensitivity (Thorn et al., 2004; Clow et al., 2010) . A previous systematic review suggested attenuated measures of diurnal cortisol variability, including CAR AUCi, are more relevant to fatigue than measures of output such as CAR AUCg (Powell et al., 2013) .
Participants stored used salivettes in their own refrigerators until returning them to the lab at the end of the EMA schedule, where they were frozen at −20
• C until assay. Samples were sent in one batch to the Biochemical Laboratory at the Division of Theoretical and Clinical Psychobiology, University of Trier, Germany, where analysis for free cortisol content (nmol/L) was by time-resolved immunoassay with fluorescent detection (Dressendörfer et al., 1992) . The detection limit for the assay was 0.173 nmol/L. Each sample was measured in duplicate, with an intra-assay coefficient of variance between 4.0% and 6.7%, and inter-assay coefficient of variance between 7.1% and 9.0%.
Momentary self-report assessments
Momentary fatigue was measured at each quasi-random assessment (S4-S9) with a single-item developed from the Brief Fatigue Inventory (Mendoza et al., 1999) : 'How much fatigue (tiredness, weariness, problems thinking clearly) do you feel right now?' Response was by visual analog scale (VAS) from 0 ('No Fatigue') to 10 ('Extreme Fatigue'). The momentary fatigue item reflected both the physical and mental fatigue components of the generally accepted definition of MS fatigue as ''a subjective lack of physical and/or mental energy. . .'' (Multiple Sclerosis Council for Clinical Practice Guidelines, 1998, p. 2). Convergent and discriminant validity were demonstrated by negative within-person associations with concurrent Energetic (r = −.45) and Alert (r = −.44) single-items, and weak associations with both Anxious (r = .09) and Distressed (r = .13) single-items. Fatigue reports were provided in 91.1% of quasi-random momentary assessments.
Upon awakening (S1), participants were presented with items regarding sleep quality ('How would you rate your sleep last night?' with VAS response 0 'Very Bad' to 10 'Very Good') and recalled time of sleep ('What time did you go to sleep last night?' with digital clock response). Hours slept was computed as the time elapsed between self-reported time of sleep and time of S1. Individual items were also presented to indicate whether participants had eaten a meal, drank coffee, smoked, exerted physically, or slept in the 30 min prior to the prompt.
Statistical procedures
Statistical analysis was by multilevel modeling (Snijders and Bosker, 2012) using SPSS Version 21. The criterion for statistical significance was ˛ = .05. Each multilevel model used to test a hypothesis is specified in the supplementary material (Appendix A) using notation from Snijders and Bosker (2012) . For group comparisons using cortisol data, and in addition to multilevel analysis, Cohen's d effect sizes were computed from person-means and standard deviations using independent samples t-tests to facilitate comparisons with existing research.
Potential covariates were added to each model in a step-wise manner in data-level order: (1) assessmentlevel (eating, smoking, caffeine, being at work, physical exertion); (2) day level (sleep quality, time of awakening, morning stress); and (3) individual level (age, gender, menstrual phase, contraceptive use, DMT-use). All assessment-level and day-level covariates were centered to the person-mean, unless binary. The criterion for retaining covariates in the final model was ˛ = .10. Potential outliers were identified using a mean ± 3 SD criterion (Schlotz, 2012) and were excluded in sensitivity analysis. The number of outliers removed in each sensitivity analysis is declared within the Results section.
Testing hypothesis 1
Valid CARs were defined as comprising an S1 sample provided within 8 min of the S1 auditory prompt or manual initiation (Smyth et al., 2013) , and S2 and S3 samples provided within 37 min and 52 min, respectively, of the S1 auditory prompt (Kudielka et al., 2003) . Missing, delayed, or ineligible or incorrectly labeled S1-S3 samples led to the exclusion of that day's CAR. At least two complete CARs from the 4 assessment days were required for a participant's data to be retained.
Two-level models (days nested within individuals) were built for each of the three CAR outcomes: AUCg, AUCi, and S1 cortisol. A natural log-transformation brought the S1 cortisol data closer to a normal distribution; transformation was not required for AUCg or AUCi. The absence of a cortisol level rise post-awakening has been argued to potentially indicate protocol non-adherence (Thorn et al., 2006) , so supplementary responder-only CAR analyses are presented. Responders were defined as where S2 or S3 cortisol level was >1.5 nmol/L higher than S1 cortisol level on a given assessment day (Miller et al., 2013) . Group differences were determined by a binary fixed effect for group.
The DCS was computed as the linear slope parameter (effect of time) estimated by a 3-level multilevel model (assessments nested within days within individuals) of logtransformed cortisol data collected at S4-S9 assessments. We required cortisol samples with correct codes from at least 50% (3 of 6) of S4-S9 assessments to retain that day's DCS. Group differences in DCS were determined by the group by time interaction effect. HADS-Depression subscale scores and CSSS scores were entered into each model as fixed effects to adjust the model for depressive symptoms and chronic stress.
Testing hypothesis 2
To test the association of fatigue with cortisol secretory activity, we ran the hypothesis 1 models with FS score and group by FS score interaction entered as fixed effects. Where a statistically significant association was found between cortisol (CAR or DCS) and fatigue, sensitivity analysis was conducted whereby models were adjusted for CSSS, HADS-Depression subscale, EDSS-sa, and employment status scores. In supplementary analyses, the RRMS group was divided into those with (RRMS-f, n = 21) and without (RRMS-nf, n = 17) clinically significant fatigue using the bimodal FS cut-off (≥4). For group comparisons, specified multilevel models for CAR outcomes and DCS were rerun with dummy variables representing the three groups (RRMSf, RRMS-nf, control) as binary fixed effects with comparator 0.
Testing hypothesis 3
A 2-level model with daily fatigue severity as outcome was built to test whether the CAR predicted same-day fatigue severity within-individuals. Daily fatigue severity was operationalized as the daily mean of momentary fatigue ratings. CAR measures and group by CAR interaction terms were entered into consecutive models as fixed effects.
Results

Cortisol awakening response
The CAR AUCg and AUCi analyses were based on 258 assessment days (84.8%) nested within 75 participants (37 RRMS; 38 Control); one participant provided no valid CAR Figure 1 Cortisol awakening response represented by the mean of the within-subject means for samples at 0 (S1), 30 (S2), and 45 min (S3) post-awakening. Error bars represent the standard error of the mean. assessments and was excluded. S1 cortisol analysis was based on 298 assessment days (98.0%) nested within 76 participants. Of the 258 CARs measured, 177 (68.6%) were classified as responder (RRMS, 69.7%; Control, 67.5%).
The CAR profiles for the RRMS and control groups are presented in Fig. 1 . As shown in Table 2 , a statistically significant group difference was found for CAR AUCg such that, on average, cortisol output in the CAR period was 1.72 nmol/L/min greater in the RRMS group than the control group. Removing an outlying AUCg assessment from the dataset did not substantially affect the result, p = .044, 95% CI [0.043, 3.00]. RRMS group CARs typically showed a higher S1 cortisol level, albeit not to statistical significance (p = .074), followed by an awakening response (AUCi) that was no different from controls. In responder-only analysis, the group difference for CAR AUCg was diminished, p = .147, 95% CI [−0.407, 2.665]. Table 3 presents means and SDs of person-mean CAR data, demonstrating the group difference in AUCg represented a medium effect size.
Although the group difference for CAR AUCg was somewhat diminished in a model adjusted for depressive 
Diurnal cortisol slope
The DCS analysis was based on 1637 assessments nested within 296 days within 76 individuals. Group comparisons are presented within Table 2 (fitted linear regression lines for each participant are presented in Fig. B .1 in Appendix B). As expected, there was a statistically significant decreasing trend in cortisol levels over time in both groups, but the DCS did not differ between groups.
Cortisol and fatigue
Parameters from models testing associations between FS score and different facets of cortisol secretion in the two groups are presented in Table 4 . In the RRMS group, CAR AUCg was not associated with FS score. However, S1 cortisol was negatively associated with FS score in the RRMS group, such that lower cortisol levels were associated with greater fatigue (see Fig. B .2A in Appendix B); an association that was reflected in both the physical and mental FS subscales. In addition, a larger CAR AUCi was associated with higher FS score in the RRMS group, such that those with greater fatigue had larger rises in cortisol post-awakening (see Fig. B .2B in Appendix B). Similar associations with CAR AUCi were found for both FS subscales. No CAR measure was associated with FS score in the control group. The DCS was not associated with FS score in either group. Across all participants, FS score was associated with HADS-Depression score (r = .335, p = .003) and CSSS score (r = .228, p = .047). However, cortisol-fatigue associations in the RRMS group remained after controlling for depressive symptoms (HADS Depression score), chronic stress (CSSS score), neurological disability (EDSS score), and employment hours. For both S1 and CAR AUCi, excluding cortisol outliers (2 S1 outliers; 4 AUCi outliers) and an individual who reported FS = 1 did not substantially affect any association with FS score.
Clinically significant fatigue
The RRMS group was divided into fatigued (RRMS-f, n = 21) and non-fatigued (RRMS-nf, n = 16) subgroups based on the standard cut-off on the FS. There were no statistically significant subgroup differences for age, gender, paid employment, or awakening time (ps > .270). There was no difference in DCS between subgroups, but cortisol levels were elevated in the RRMS-nf group at 1000 h compared to the control group, = 0.192, SE = 0.094, t = 2.047, p = .044, 95% CI [0.005, 0.378]. RRMS-f vs Control and RRMS-f vs RRMS-nf subgroup comparisons at 1000 h were not statistically significant. Therefore, despite cortisol levels being similar at S3 for all RRMS-f and RRMS-nf subgroups, cortisol level decreased more slowly between 45 min after awakening and 1000 h in the RRMS-nf subgroup. This effect remained after controlling for awakening time.
Within-person analysis
No associations between facets of the CAR and same-day fatigue severity were statistically significant in either group. 
Discussion
The present study provided some support for our first hypothesis that the CAR is larger in people with RRMS than healthy individuals, although this difference was only apparent for cortisol output (CAR AUCg) and not the post-awakening cortisol increase (CAR AUCi). Diurnal cortisol slopes were similar across groups. Group differences remained after adjusting for severity of neurological and depressive symptoms, and chronic stress. Although total cortisol output was associated with RRMS, this did not appear to explain the fatigue experienced by many with RRMS. RRMS fatigue was associated with a low waking (S1) cortisol level and greater post-awakening cortisol increases (AUCi), rather than cortisol output (AUCg). There was no support for the final hypothesis in either group: daily CARs did not predict same-day fatigue ratings within individuals. Our data showing that cortisol output in the CAR is elevated in RRMS compared to healthy controls supports previous case-control studies with CAR comparisons (Kern et al., 2011 (Kern et al., , 2013 . Our findings add to other studies using a variety of methods that have reported hyperactivity in some facet of basal cortisol secretion in RRMS (Ysrraelit et al., 2008; Gold et al., 2010; Kern et al., 2011 Kern et al., , 2013 Melief et al., 2013) . However, our data contests the hypothesis that comorbid depression drives cortisol hyper-secretion in RRMS (Gold et al., 2010 (Gold et al., , 2011 Kern et al., 2011) ; we demonstrated heightened CAR output in individuals with RRMS who did not have comorbid major depressive disorder and had relatively mild levels of depressive symptoms. In other studies, depression in MS was not associated with 24 h urinary cortisol (Ysrraelit et al., 2008) , cerebrospinal fluid cortisol (Melief et al., 2013) , or salivary cortisol in a 2-day study (Kern et al., 2013) . Of course, results we present do not rule out major depressive disorder further exaggerating HPA axis hyperactivity in RRMS beyond that driven by RRMS-specific disease processes. Like Kern et al. (2013) , we found no evidence that neurological disability was implicated in salivary cortisol outcomes and agree that this likely points to the present disease state, rather than accumulated deficits, being responsible for changes in HPA axis activity.
Our data suggest greater cortisol output within the CAR in RRMS is characterized by a larger pre-awakening rise in cortisol levels followed by a post-awakening rise that is broadly similar to that of healthy individuals. The CAR profiles presented by Kern et al. (2013) seem to follow a similar pattern, with cortisol levels already higher in the RRMS group upon awakening followed by a post-awakening rise similar in size to controls.
Pre-awakening HPA axis activity is thought to consist of a period of dissociation between ACTH and cortisol secretion (Clow et al., 2010) evidenced by ACTH levels increasing more quickly than cortisol pre-awakening (Wilhelm et al., 2007) . This pre-awakening dissociation may be attributable to enhanced inhibitory actions by the hippocampus while rapid eye movement sleep is dominant and hippocampal activity is increased (Clow et al., 2010) . Several studies have reported that smaller hippocampal volume or hippocampal damage is associated with higher S1 cortisol levels (Frodl and O'Keane, 2013) and studies have demonstrated smaller hippocampal regions in RRMS (Sicotte et al., 2008; Gold et al., 2010) . We speculate that the heightened CAR output in RRMS reported in the present study could be attributed to a reduction in the expected ACTH-cortisol dissociation prior to awakening due to impaired hippocampal functioning in RRMS. Flatter DCS has previously been associated with a smaller CA23DG hippocampal region volume in RRMS (Gold et al., 2010) .
Bearing in mind average CAR output (AUCg) and fatigue were greater in the RRMS group when compared to controls, and the post-awakening rise (AUCi) was broadly similar across group, it may seem surprising to find no association between RRMS fatigue severity and CAR output, and yet a positive association with fatigue and the post-awakening rise. The lack of a relationship between fatigue and overall cortisol output is in line with a systematic review we previously conducted on cortisol secretory activity and fatigue in physical health conditions (Powell et al., 2013) . However, the systematic review found attenuated diurnal cortisol variability (e.g., reduced post-awakening increase) was most relevant to fatigue across populations; we have found a contrary positive association in the RRMS group in the present study. Of note, the only study of a clinical population included in the systematic review that reported a positive association between the post-awakening cortisol rise and fatigue severity was in rheumatoid arthritis (Dekkers et al., 2000) . With rheumatoid arthritis being, like MS, an autoimmune disease characterized by high levels of inflammation, there may be different mechanisms of fatigue in inflammatory autoimmune disease vs fatigue in other clinical groups.
Cortisol is known to be an important endogenous regulator of inflammation (Chrousos, 1995) , and studies have shown concurrently high levels of cortisol and pro-inflammatory cytokines in MS (e.g., Ysrraelit et al., 2008) . Speculatively, MS-related fatigue may manifest in the absence of sufficient down-regulation of inflammation by cortisol, particularly in the mornings. This suggestion is supported by our finding that average cortisol levels were still elevated at 1000 h in the RRMS not-fatigued subgroup. Future research into the mechanisms underlying associations between cortisol dysregulation and fatigue in MS should seek to simultaneously examine both cortisol and inflammatory markers and their association with MS-related fatigue in a longitudinal design.
Within individuals, we found no association between dayto-day changes in the CAR and same-day fatigue severity in RRMS. This finding differs from negative associations reported between the CAR and same-day symptoms in clinical burnout (Sonnenschein et al., 2007) and same-day physical symptoms in general population samples (Adam et al., 2006; Gartland et al., 2014) . The fact we found no association between the CAR and same-day fatigue in RRMS might suggest that day-to-day variability in MS fatigue is related to psychosocial and contextual factors in daily life, which may include perceived demand and sleep quality. A broad range of psychological factors have previously been shown to correlate with recalled fatigue in MS (Bol et al., 2009) , while interventions based on a cognitive behavioral model of MS fatigue (van Kessel and Moss-Morris, 2006) have been shown to successfully reduce fatigue in MS (van Kessel et al., 2008) . The role of psychosocial factors in accounting for fatigue variability within people with MS warrants further investigation, particularly as these factors may be amenable to change.
Importantly, MS fatigue appears a highly complex phenomenon of multifactorial origin with variability not only between individuals but also within individuals. Previous studies have indicated positive associations between MS fatigue and pro-inflammatory cytokines (Flachenecker et al., 2004; Heesen et al., 2006) , brain lesion load (Colombo et al., 2000; Tedeschi et al., 2007) , psychosocial stress (Trojan et al., 2007) , and various associations with cognitive and behavioral factors (Skerrett and Moss-Morris, 2006) . However, evidence is frequently mixed; for example, MS fatigue has been associated with smaller lesion loads in another study (Codella et al., 2002) . Several reviews have now been written describing current understanding of the multifactorial origins of MS fatigue (see Kos et al., 2008; Krupp et al., 2010; Induruwa et al., 2012) .
The present study has a number of methodological strengths to highlight. First, all participants were clinically stable (remission-phase) with sufficient recovery time (>3 months) from relapse and associated corticosteroid treatments, and had no other comorbidity. These eligibility criteria contributed toward a relatively homogeneous RRMS sample, which increased our confidence in attributing findings to RRMS and to MS-related fatigue rather than an extraneous factor. We acknowledge this necessarily limits the generalizability of the findings.
The cortisol sampling protocol was the most comprehensive to date in an MS population: nine saliva samples over 4 weekdays provided greater measurement reliability and power to detect effects than has been achieved in previous 2-day protocols (Gold et al., 2010 (Gold et al., , 2011 Kern et al., 2011 Kern et al., , 2013 . Sampling over consecutive days limited the opportunity to self-select assessment days. Despite these methodological improvements, it should be noted that it has been suggested that 6 days' and 10 days' sampling may be required to adequately examine between-person associations with the CAR AUCi and DCS, respectively (Hellhammer et al., 2007; Segerstrom et al., 2014) . Many steps were taken to maximize compliance with the sampling protocol in daily life, including using audible prompts and random code generation. We report excellent rates of compliance. However, future studies may also use mobile polysomnography or actigraphy to objectively validate time of awakening and promptness of S1 saliva. Although all participants were briefed to engage with their handheld upon awakening and to pre-set the S1 waking alarm, it was impossible to be definitively certain this occurred for all sampling days.
There are other limitations to acknowledge. Firstly, we did not directly assess MS patients for sleep disorders.
Although we excluded participants with multimorbidity during recruitment, sleep disorders are underdiagnosed in MS (Brass et al., 2014) . Sleep disorders, such as restless leg syndrome, periodic leg movement disorder, and sleep apnea are all relatively common in MS (Marrie et al., 2014) and are associated with increased fatigue (Veauthier and Paul, 2014) . However, we report similar ratings of sleep quality across groups, so believe it is unlikely that sleep disorders have had a biasing effect on our results. Secondly, although we did investigate DMT-use as a potential covariate in analyses, we could not include specific DMTs as covariates due to limited numbers. Interferon has an influenza-like side effect in around half of MS patients (Filippini et al., 2003) which may have affected fatigue symptoms, but we found similar FS scores for those taking interferon and those who were not (p = .832). In addition, a large cross-sectional study found no differences in fatigue ratings between MS patients taking immunosuppressant or immunomodulatory medications and MS patients who were treatment-free (Putzki et al., 2008) .
In summary, we have demonstrated greater CAR output in RRMS, independent of depression. We found associations of low waking cortisol (pre-awakening rise) and greater post-awakening cortisol rises with higher ratings of recalled fatigue severity in RRMS. These associations were independent of depressive symptoms and stress, both factors that are related to fatigue in MS (Trojan et al., 2007) . In people with RRMS, there was no within-person association between the CAR and same-day fatigue. Cortisol secretory activity appears to be implicated in fatigue experience in RRMS, but whether it is a causal factor remains unclear.
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